This study investigated the migratory fish spawning within the reservoirs of the Machadinho and Itá dams (upper Uruguay River, Brazil) and its relationship to environmental variables. Sampling was conducted in the lotic region of the river in two sites between the dams' reservoirs: Uruguay (main river) and Ligeiro (tributary). Sampling included nine consecutive reproductive periods (RP) spanning the period from 2001 to 2010 and was conducted at night on the water surface using cylindrical-conical plankton nets (0.5 mm mesh); environmental variables were also recorded. The spawning of the migratory species Salminus brasiliensis, Prochilodus lineatus, and Steindachneridion scriptum was registered: S. brasiliensis and P. lineatus spawned in the tributary river at the end of spring/beginning of summer, during flooding and during periods of high water temperature. Steindachneridion scriptum spawned in the main river at the beginning of spring. The study showed that S. brasiliensis, P. lineatus, and S. scriptum are able to spawn in small lotic river stretches within two reservoirs, but only under very specific and not common environmental conditions. Este estudo verificou a presença de desova de peixes migradores entre os reservatórios das Usinas Hidrelétricas de Machadinho e Itá (alto rio Uruguai, Brasil), e sua relação com as variáveis ambientais. As amostragens foram realizadas na região lótica do rio Uruguai, no trecho situado entre os reservatórios de Itá e Machadinho, em duas estações de amostragem: Uruguai (Principal) e Ligeiro (Tributário). As coletas abrangeram nove períodos reprodutivos (PR) consecutivos, desde 2001 até 2010, e foram realizadas no período noturno, na superfície, com o uso de redes de plâncton do tipo cilíndrico-cônicas de malha 0,5 mm, quando também foram registradas as variáveis ambientais. O estudo registrou a desova de três espécies migradoras: Salminus brasiliensis, Prochilodus lineatus e Steindachneridion scriptum. As populações de S. brasiliensis e P. lineatus desovaram no rio tributário no final da primavera e início do verão em condições de enchentes e temperatura da água mais alta. Steindachneridion scriptum desovou no rio principal durante o início da primavera. O presente estudo mostra que S. brasiliensis, P. lineatus e S. scriptum conseguem desovar em pequenos trechos lóticos de rio entre dois reservatórios, porém em condições ambientais determinadas e pouco frequentes.
Introduction
The most common impact of changes associated with river damming on fish populations is the alteration in the composition and structure of species (Agostinho et al., 2004a) : when damming occurs, it is expected that generalist and smaller species will proliferate rapidly first, while populations of migratory and larger species will decrease or disappear (Agostinho et al., 2007) .
Two of the main reasons for the decrease of migratory fish populations following river damming are the reduction of the lotic environment and the changes in water flow (Humphries & Lake, 2000; Carolsfeld et al., 2003) . The reduction of the lotic environment to short stretches interferes directly on the migration. Migratory species also need environmental conditions that trigger migration, which in turn stimulate gonadal maturation and spawning (Vazzoler et al., 1997) . Despite the existence of several triggers, one of the most important in the Neotropical region is the increase in water flow during the rainy season, a condition that is strongly altered by river damming (Agostinho et al., 2004b) . In rivers with cascade reservoirs, where there are no lotic stretches and/or such areas are short (Petts, 1989; Agostinho et al., 2007) , the impact on the reproduction of migratory species is amplified.
The fish fauna in the upper Uruguay River basin, Brazil, which has been transformed by the construction of several dams, is characterized by the predominance of small and medium-sized species with external fecundation that do not migrate or present short reproductive migration, although large rheophilic species also occur (Reynalte-Tataje & Zaniboni-Filho, 2008) . Long reproductive migration of eight species occur within the river basin (ascendant and/or descendant), including Leporinus obtusidens, Prochilodus lineatus, Salminus brasiliensis, and Steindachneridion scriptum (Zaniboni-Filho & Schulz, 2003) . These species are found in the reservoir of the Itá Hydroelectric Power Plant (HPP), where fish movements are limited to a river stretch of 130 km that separates Itá and Machadinho dams, located upstream. Nevertheless, the reproduction of those species' remnant populations has not yet been confirmed within this reservoir, although many samples of migratory fish with mature gonads have already been captured (Reynalte-Tataje et al., 2008a) .
Although the finding of mature gonads is a very significant event, the record of eggs is what truly confirms the spawning (Nakatani et al., 2001) and furthermore, studies related to eggs are essential to determine the moment and the areas where spawning takes place (Hempel, 1973) . Such information is also important to indicate areas that should be protected and to the understanding of species' yearly recruitment when associated to larvae abundance (Nakatani et al., 2001; Reynalte-Tataje et al., 2008a) .
Several studies on the ichthyoplanktonic community of the upper Uruguay River have been conducted over the past few years (Reynalte-Tataje et al., 2008a; Reynalte-Tataje et al., 2008b; Hermes-Silva et al., 2009) , most of them related to egg and larvae distribution over space and time in the regions impacted by the reservoirs. These studies have confirmed the existence of spawning areas for sedentary species and/or species that perform short migrations in the region (Reynalte-Tataje et al., 2008c) , but despite the increase in sampling effort in the recent years (Hermes-Silva et al., 2009; Correa et al., 2011) , there is a continued lack of information on the spawning of large migratory species. It has never been reported either for the area influenced by the dams or for the entire region, what generated doubts about the existence of spawning in the region between the reservoirs of Itá and Machadinho.
This study analyzed ichthyoplankton in an attempt to answer two questions concerning the distribution of migratory fish species in the upper Uruguay River region: a) Do migratory species spawn in the small lotic stretch of 10 km between the Itá and Machadinho reservoirs? b) Which are the environmental conditions related to those spawning events?
Material and Methods

Study area
The upper Uruguay River is located in an extremely enclosed subtropical valley and does not present floodplains in its landscape. In the last decade, three reservoirs (Itá, Machadinho, and Foz do Chapecó) have been constructed in the main river (Uruguay), but none of those has a fish passage system.
The flood period is less evident in this region than in most Brazilian water basins. Although water levels may peak at different seasons, the highest rainfall rates occur historically at the end of winter and at the beginning of spring (September to October) while the summer months and the beginning of autumn (December to April) are driest (Sartori, 2003) .
This study was conducted at the mouth of the Ligeiro River (27º31' S; 51º50' W), an Uruguay River's tributary located 124 km upstream from the dam of the Itá HPP and 6 km downstream from the dam of Machadinho HPP. That tributary discharges into the single lotic stretch (10 km) of the Uruguay River between those HPP. Two sampling sites were installed in this region: Uruguay site, located in the Uruguay River (main river), a few meters upstream from the mouth of the Ligeiro River, and Ligeiro site, located 1 km upstream from the mouth of this river (Fig. 1 ).
Sampling
Sampling was conducted at night (21:00 h) during nine reproductive periods (RP) from October to February, between years 2001 and 2010 (Table 1) .
Five consecutive monthly samples were obtained from each station using conical-cylindrical plankton nets (0.5 mm mesh) with a mouth area of 0.11 m 2 ; a flow meter was attached to each net to measure the volume of water filtered. Sampling was conducted at the surface of the channel of the river with a boat dragging the net at low speed for 10 min (Hermes-Silva et al., 2009) . When ichthyoplankton was sampled, the following environmental variables were also recorded for each sampling site: water temperature, dissolved oxygen, pH, and water transparency. The data on precipitation and water flow were obtained from records provided by the Brazilian National Electricity Agency (ANEEL) and by the administration of the Itá and Machadinho HPP.
The living egg method, described by Reynalte-Tataje & Zaniboni-Filho (2008), was used to sort the material. For that purpose, a mobile laboratory was set up near the sampling sites, where collected eggs were classified, under a stereomicroscope, into morphotypes accordingly to egg size, yolk size and coloration, presence of adhesive in the membrane, presence of a double membrane and distance between the external and internal membrane. Eggs of the same morphotype were then incubated in bags filled with water and oxygen and hatched larvae were used to confirm the eggs' identification, Identification of eggs and larvae followed Nakatani et al. (2001) and Reynalte-Tataje & Zaniboni-Filho (2008) .
Data analysis
Differences in total densities (eggs/10m 3 ; fourth root transformed) among sites, months and reproductive periods were tested using the Kruskal-Wallis test, since collected data did not conform to normality or homogeneity of variances. When necessary, the post hoc Dunn's test was applied to identify group differences (Zar, 1996) .
Principal component analysis (PCA) was used to identify the environmental variables that characterize the studied environments; for this analysis all variables, except pH, were log transformed (log 10 ) to linearize inter-variable relationships (Peters, 1986) . The axes with eigenvalues greater than those generated randomly were retained for interpretation, following the broken-stick model criteria (Jackson, 1993) and only environmental variables with structure coefficients greater than 0.4 were used in interpretation, since they show the greatest correlation with the axis (Legendre & Legendre, 1998) .
The correlation between the number of eggs of the different migratory species captured in the distinct reproductive periods was expressed by the Spearman's correlation coefficient.
Results
Migratory species composition
During the studied period, 182.60 eggs/10 m were caught in the Ligeiro River and 2.12 eggs/10 m 3 were captured in the Uruguay River. However, S. scriptum eggs were only caught in the Uruguay River, while S. brasiliensis and P. lineatus eggs were captured only in the Ligeiro River.
Steindachneridion scriptum eggs were captured during RP1 and RP2, between the months of October and November, whereas P. lineatus eggs were sampled during RP2 and RP8 (between November and December) and S. brasiliensis eggs were caught during RP2, RP8, and RP9 (between November and January). Most captured eggs were in the initial stage of 
Spatial and temporal distribution of eggs
Although over 99% of the eggs were captured in the Ligeiro River, the Kruskal-Wallis test did not indicate any statistically significant difference between the numbers of eggs captured in the Ligeiro and Uruguay rivers (H (1, N=150)= 2.93; P>0.05; Fig. 2) . A statistically significant difference (P<0.05) in the abundance of eggs in the different reproductive periods was found (H (8, N=350)= 20.91; P<0.05; Fig. 3a) , with the greatest abundance recorded in RP9 (Dunn's test; P<0.05). Nevertheless, no statistically significant difference was found for the distribution of eggs throughout the months of the year (H (4, N=350)= 3.85; P>0.05; Fig. 3b) .
A significant relationship between the abundance of P. lineatus and S. brasiliensis (r=0.51; P<0.05) was registered when data from all reproductive periods were used.
Influence of environmental variables
During the study period, no extreme values were registered for the environmental variables ( Table 2) .
The PCA showed that only axis 1, that has an eigenvalue of 2.28 and represented 52.0% of the total variance, can be retained for interpretation, with the variables water temperature and water flow being the most representative (Table 3) . The segregation between the main river and the tributary throughout the study period is clearly shown in Fig. 4 .
Mean monthly values of water temperature and water flow in Ligeiro River during the reproductive periods are shown in Fig. 5 , where the densities of P. lineatus and S. brasiliensis captured eggs were superimposed. This combination showed that P. lineatus and S. brasiliensis eggs were captured only when water temperature exceeded 22 ºC and water flow was higher than 100 m 3 /s.
Discussion
The upper Uruguay River is one of the regions of the Prata basin for which the spawn of migratory fish or the presence of the larvae of those species had not been reported previously. After the damming of Uruguay River for the construction of hydroelectric power plants many studies were conducted to verify whether migratory species continued to breed in that area (Zaniboni-Filho & Schulz, 2003; Reynalte-Tataje et al., 2008b; Hermes-Silva et al., 2009) . Some of them indicated that some migratory fish species reach the stage of gonadal maturity, but as eggs and larvae were not recorded, the spawning in the region was not confirmed (Reynalte-Tataje et al., 2008c) . As some authors believe that the absence of free areas and/or the presence of short river stretches can harm the reproduction of migratory species (Godoy, 1975; Barthem & Goulding, 1997) , the prevalent hypothesis is that migratory species The capture of very few S. scriptum eggs in the Uruguay River site was the first record of this species in ichthyoplankton for that region, indicating that this species can use the 6 km stretch between the Machadinho Dam and the mouth of the Ligeiro River to spawn. Since all S. scriptum eggs were captured in the free tail stage, a final stage in the larvae development, the embryonic development of this species must occur within this short river stretch. However, the small number of S. scriptum eggs captured in RP1 and RP2 periods suggests that their reproduction in the region is very limited.
The relationship of teleosteans' reproductive activity with environmental variables, in addition to control by endogenous factors, has been reported by several authors (Sato et al., 2003; Reynalte-Tataje et al., 2008a) . According to Parkinson et al. (1999) , while water flow and water temperature initiate spawning migration, reproductive success may be linked to water volume and temperature. In the upper Uruguay River, the increase in water flow that commonly occurs in the spring, which is considered the flood period, reduces water temperature drastically and impairs spawning, whereas in the summer the reduction of water flow promotes a substantial increase in water temperature. However, the interannual variation in the spawning of P. lineatus and S. brasiliensis at failed to spawn in upper Uruguay River, since it is influenced by damming and by the absence of long free stretches of river. However, in the present study, eggs and larvae of migratory fish species were eventually captured in the short (< 10 km) lotic stretch between the Itá Reservoir and the Machadinho Dam.
The identification of S. brasiliensis and P. lineatus eggs in initial developmental stages at the mouth of Ligeiro River indicated that spawning probably occurred in the lower region of this tributary. Studies conducted in this region indicate that other sedentary or short-distance migratory species are able to complete their embryonic and even larval development in this same river stretch (Reynalte-Tataje et al., 2008b; Reynalte-Tataje et al., 2008c upper Uruguay River was related to very specific conditions of high water flow and high water temperature. This rare condition may be related to moderate "El Niño" events, during which water temperature and flow increase significantly in the region (Monteiro, 2001) ; and to the South Atlantic Convergence Zone (SACZ), which promotes an increase in precipitation in the region of the upper Uruguay River during spring and summer (Nery, 2005; Mendonça & Bonatti, 2008) . Both environmental conditions were registered in the reproductive periods where spawns of migratory fish occurred (Table 4 ). According to Reynalte-Tataje et al. (2008a) , after the construction of dams in the region, water temperature decreased by at least 2ºC in the lotic environments located below the Machadinho and Itá Dams. Thus, those species spawned in the years in which flooding did not reduce water temperature to less than 22ºC, which provided the physiological conditions necessary for spawning. The absence of spawns in some years with apparently ideal environmental conditions can be related to the low abundance of migratory fish in the study area or to the difficulty of finding the fish during spawning, as it occurs at specific times and not during the entire reproductive period (Lowe-McConnell, 1999; Zaniboni-Filho & Nuñer, 2004) . The presence of lotic stretches in cascade reservoirs is recognized for its importance in the reproduction and recruitment of migratory species. In the present study, the short lotic stretch between Itá Reservoir and Machadinho Dam enabled the spawning, but only when a very specific environmental condition occurred. Despite of that, abundance of eggs of migratory fish was not high and the observed spawns were sporadic, with large interannual variation. Such spawning however, does not guarantee that recruitment will be successful, since it will depend on the success of incubation during egg drift and on the availability of adequate nursery environments for larvae and juveniles, conditions that seems to be absent in the area, since larvae of migratory species has never been found in the region (Correa et al., 2011; Reynalte-Tataje et al., 2012) . 
